The ability to analyze the molecular events involved in adenovirus transformation of mammalian cells critically has been impeded by the lack of a highly transformable target cell. The majority of investigations have used heterogeneous primary or secondary rat embryo cells that are semipermissive for group C adenovirus-i.e., serotypes 1, 2, or 5 (Adl, Ad2, and AdS, respectively) (1-6). With primary rat embryo cells, a certain proportion ofthe infected population is permissive for viral replication and produces infectious virus, whereas a small fraction of infected cells integrate viral DNA and become morphologically transformed (usually <10-5 transformants per infected cell) (3, 6). The frequency of Ad5 transformation of rat embryo cells can be enhanced 7-to 8-fold by treating the cells with chemical carcinogens prior to viral infection and by growing infected cells in the presence of the tumor promoting agent phorbol 12-myristate 13-acetate (6-8). However, even with these modifications, the frequency ofadenovirus transformation is still too low to allow accurate appraisal ofthe crucial virus-cell interactions required for stable transformation. In addition, because the majority of transformation assays have used genetically diverse animals as sources of embryo cultures, the quantitation and reproducibility oftransformation in different assays and laboratories have been major problems.
The ability to analyze the molecular events involved in adenovirus transformation of mammalian cells critically has been impeded by the lack of a highly transformable target cell. The majority of investigations have used heterogeneous primary or secondary rat embryo cells that are semipermissive for group C adenovirus-i.e., serotypes 1, 2, or 5 (Adl, Ad2, and AdS, respectively) (1) (2) (3) (4) (5) (6) . With primary rat embryo cells, a certain proportion ofthe infected population is permissive for viral replication and produces infectious virus, whereas a small fraction of infected cells integrate viral DNA and become morphologically transformed (usually <10-5 transformants per infected cell) (3, 6) . The frequency of Ad5 transformation of rat embryo cells can be enhanced 7-to 8-fold by treating the cells with chemical carcinogens prior to viral infection and by growing infected cells in the presence of the tumor promoting agent phorbol 12-myristate 13-acetate (6) (7) (8) . However, even with these modifications, the frequency ofadenovirus transformation is still too low to allow accurate appraisal ofthe crucial virus-cell interactions required for stable transformation. In addition, because the majority of transformation assays have used genetically diverse animals as sources of embryo cultures, the quantitation and reproducibility oftransformation in different assays and laboratories have been major problems.
By systematically screening >100 cloned populations derived from five established rat embryo cell lines, a specific clone of Fischer rat embryo cells (CREF cells) was isolated. The cells derived from this clone are transformed by Ad5 at least 150-fold more frequently than primary or secondary rat embryo cells. This report describes the CREF transformation system and the phenotypic properties of CREF clones transformed with wildtype Ad5 and the temperature-sensitive mutant H5ts125. Since previous studies have shown that wild-types Ad5 and Ad2 transformed rat embryo cells usually contain only part of the viral genome, including approximately the left hand 15% (9-11), whereas H5tsl25-transformed rat embryo cells transformed and cultured at 36 or 39.5°C usually contain the complete viral genome (10, 11) , the patterns of viral DNA integration in wildtype-and H5tsl25-transformed CREF clones have also been determined.
MATERIALS AND METHODS
Cell Cultures. A series of five early passage and established rat embryo cell cultures isolated from 10-to 14-day gestation Sprague-Dawley and Fischer rats were cloned and analyzed for stability at confluence, anchorage dependence, and transformability by adenovirus (6, 12) . The cell cultures studied included NRK, a normal rat kidney cell line, provided by David K. Howard; 3Y1, an established Fischer rat embryo cell line supplied by Nada Ledinko; SDRE-1 and SDRE-2, two independently isolated early passage Sprague-Dawley rat embryo fibroblast cell lines established in this laboratory as described (13) ; and an early passage F2408 Fischer rat embryo fibroblast cell line provided by Claudio Basilico. The CREF cell line represents a specific subclone of the F2408 Fischer rat embryo fibroblast cell line (14) . This cell line was cloned by seeding F2408 cells at limiting densities (100 or 50 cells per 90-mm plate); a series of20 well-separated independent colonies exhibiting a flat morphology were isolated with cloning cylinders (6). These original clones were then scored for stability at confluency-i. e., their ability to be maintained for >7 wk at confluency at 36°C with weekly medium changes-and for inability to form macroscopic colonies when seeded in agar (15) . Three clones that were stable at confluency (and did not crisscross or pile up) and were incapable of forming macroscopic colonies when seeded in agar were then recloned. The CREF cell line is the derivative of three successive clonings ofone ofthe above clones. CREF cells were continually maintained in the logarithmic phase of growth by subculturing after brief trypsin/versene treatment at the time they reached confluency. For routine propagation, CREF cells were seeded at 2 x 105/90-mm plate and subcultured at the same density after the cultures had just reached confluency (approximately every 4 days). Cell stocks were grown in Dulbecco's modified Eagle's medium containing 5% or 10% fetal bovine serum. The cultures were not permitted to remain at Abbreviations: Adl, Ad2, and AdS, adenovirus serotypes 1, 2, and 5, respectively; pfu, plaque-forming units.
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Proc. Natd Acad. Sci. USA 79 (1982) confluency for more than 48 hrs. All serum lots were tested to determine growth promoting ability, as indicated by optimum growth kinetics and cloning efficiency at low cell seeding densities.
Viruses. Wild-type Ad5 and HMts125 (4, 16) were propagated and assayed in cultures ofKB cells at 36 and 32TC, respectively, as described (16) .
Viral Transformation Assays. Transformation assays were carried out as described with slight modifications (6, 12) . CREF cells were seeded at a density of 7.5 x 105/60-mm dish in Dulbecco's modified Eagle's medium/5% or 10% fetal bovine serum at 360C in humidified 5% C02/95% air. Twenty-four hours later, the cells were infected with various amounts of wild-type Ad5 or H5ts125 and, 3 hr after infection, the cells were resuspended and replated at 5 x 103-2 x I05/60-mm dish, depending on the original viral multiplicity at 32, 36, or 39.50C. Seventy-two hours after infection and replating, cultures were shifted to Dulbecco's modified Eagle's medium/ reduced (0.1 mM) Ca2+/2% fetal bovine serum/5% calf serum (ow Ca2+ medium). Cells were refed with low Ca2O medium twice a week and transformed foci were scored after ==4 wk (36 and 39.50C) or 6 wk (320C) (6, 12) .
Screening of Transformed Cells for Viral DNA by Spot Hybridization. Cloned AdS-transformed CREF cells were screened for the presence ofviral sequences by a simplification of the spot hybridization assay described by Brandsma and Miller (17) DNA Isolation and Blot Hybridization After Agarose Gel Electrophoresis. High molecular weight DNA was extracted from transformed clones as described (11) . Ten micrograms of transformed cell DNA was digested with 50 units ofappropriate restriction endonuclease (New England BioLabs), and the digests were fractionated by electrophoresis on 0.6% agarose gels in 90 mM Tris/90 mM boric acid/2.5 mM Na2EDTA. The DNA fragments were transferred from the gels to nitrocellulose sheets by the modification of the Southern technique (18) described by Wahl et al. (19) .
Biological Properties of Adenovirus-Transformed Cells. Four transformed foci (two transformed with wild-type AdS and two transformed with HMts125) were isolated and then cloned by seeding 100 cells per 90-mm plate and isolating well-separated clones by using the steel cloning cylinder technique. The presence ofAdS DNA sequences in the transformed clones were assayed by spot hybridization. The four clones were then compared with the parental CREF cells with respect to their (i) growth rate in normal (1.25 mM Ca2+) and low Ca2+ (0.1 mM Ca2O) media, (ii) saturation density in normal and low Ca2+ media, (iii) liquid cloning efficiency, and (iv) cloning efficiency in agar. The techniques used to evaluate these parameters have been described (6, 15 Cell line designations are as follows: CREF, untransformed parental; AD5 wt, wild-type Ad5-transformed CREF clone; H5ts125, temperature-sensitive Ad5 mutant (tsl25)-transformed CREF clone; 36, temperature (0C) of incubation; 3A, 8G, 20, and 7E, clone number. Liquid cloning efficiency was determined as follows: One hundred cells were seeded in ten 60-mm plates and the number of colonies >50 cells was counted 7-10 days later (15) . Agar cloning efficiency was determined as follows: Approximately 1 10', or 10 cells in low Ca2" medium/ 0.4% or 0.6% Noble agar were seeded on an 0.8% agar base layer prepared in the same medium. Plates were fed once a week with 2 to 3 ml of 0.4% or 0.6% agar in low Ca2`medium and colonies >0.15 mm were counted after 21 days. * Normal, 1.25 mM; low, 0.1 mM.
proliferation in low Ca2+ medium (1-3, 19 ), Ad5-transformed CREF cells grew in both normal and low Ca2" media without difficulty. In addition, two ofthe cloned transformed CREF cell lines (Ad5 wt-36-8G and H5ts125-36-7E) formed large diffuse colonies when seeded at low densities (100/60-mm plate) whereas dlones H5wt-36-3A and HMts125-36-20 formed small compact colonies in liquid medium.
DISCUSSION
To define more clearly the role of the adenovirus genome in transformation and the relationship between the virus and its host cell in transformation, a highly transformable cloned cell line of Fischer rat embryo fibroblast cells, CREF cells, was isolated. Since early passage rat embryo cells are semipermissive for Ad5 infection, we reasoned that there might be a subset of cells in which Ad5 cannot replicate but can transform at a higher frequency. After screening five cloned rat embryo cell lines, we found one clone, termed CREF cells, to be totally nonpermissive for production ofinfectious Ad5 virus, to exhibit only-negligible if any viral DNA synthesis, and to manifest an increased sensitivity to Ad5 transformation. Some of the obvious advantages of CREF cells over early passage rat embryo cells in studying adenovirus transformation include (i) their increased frequency of transformation, (ii) the greater reproducibility of transformation obtained in different assays, (iii) the ease in scoring for transformation because ofthe low background of spontaneous morphological changes that might be scored as transformants, and (iv) the opportunity to determine whether different characteristics of transformed cells can be attributed to the heterogeneity of the host cell population or expression of the integrated viral genome.
Ad2-and AdS-transformed early passage rat embryo cells exhibit a spectrum of phenotypes (15, 22, 23) . Although transformants can be distinguished from normal cells on the basis of morphology, the different transformed clones vary among themselves in a number of-properties, including growth rate, saturation density, production ofplasminogen activator, expression of tumor antigens, level of cell surface fibronectin, liquid cloning efficiency, concanavalin A-stimulated agglutination, anchorage dependence, and tumorigenicity (15, 23, 24 (28, 29) . Recent studies, using Ca2+-mediated DNA transfection, show that partial (or incomplete) transformants can be generated in baby rat kidney cells with the 0-4.5% left-hand region ofthe Ad5 genome (30) . A major problem in interpreting the significance of these transformation data has been the low level of transformation and variable results obtained with different cell types (28, 29) . This 
